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Full-length in vitro transcripts of plum pox potyvirus (PPV) genomic RNA with mutations altering the number of 59-terminal
adenosine residues were able to infect Nicotiana clevelandii plants, whereas a mutant with a substitution of adenosine in
position 2 by guanosine failed to infect. The genomic 59 end was template-independently repaired during in vivo RNA
synthesis producing wild-type viral progeny. Putative models of replication initiation are discussed. © 2000 Academic Press
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Linear genomes face important problems during rep-
lication in preserving the integrity of their termini. On the
one hand, the fact that DNA polymerases and some
RNA-dependent RNA polymerases require a primer sup-
plying a free 39-OH group for chain elongation raises the
problem of how replication is initiated (Salas, 1991). On
the other hand, the ends of the genomic nucleic acids
are exposed targets for the action of cellular exonucle-
ases, particularly in the case of RNA genomes. Thus,
both specialized replication initiation mechanisms and
appropriate structural elements located at the termini of
genomes have evolved to circumvent these problems
(Dolja and Carrington, 1992).
Potyviruses, the largest genus of plant viruses, have
linear genomes consisting of an approximately 10-kb,
monopartite, positive-sense, single-stranded RNA (Riech-
mann et al., 1992; Revers et al., 1999). During infection of
a host plant, the genomic RNA is translated into a single
polyprotein that is processed to yield different functional
proteins, and also serves as template for replication. A
VPg protein is linked to the 59 end of the genome and
this, together with the 39 terminal poly(A) tail, might
contribute to the protection of genome integrity. In addi-
tion, the recent demonstration that the poliovirus VPg
acts as a primer during RNA synthesis (Paul et al., 1998)
suggests that potyvirus VPgs (and those of other picorna-
like viruses) might play the same role.
The replication process of potyviruses involves the
participation of viral proteins, probably along with host-
encoded factors, which constitute a multimeric complex
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377that recognizes viral sequences to direct their replica-
tion. The 59 noncoding region (NCR) of the potyvirus
genome does not exhibit stable secondary structures
(neither in the genomic sense nor in the complementary
strand) as present in some other viruses that could
account for specific recognition by replication com-
plexes. Recently it was demonstrated that the 59 NCR
sequences required for plum pox potyvirus (PPV) infec-
tion are confined to the 35 first nucleotides (nt) of the
genomic 59 end, a highly conserved region among poty-
viruses (Simo´n-Buela et al., 1997b). Since these se-
quences do not seem to play an important role in the
initiation of viral RNA translation (Simo´n-Buela et al.,
1997a), they are probably targets for viral and/or host
factors during replication.
In the present work, mutations affecting the 59 terminal
nucleotides of PPV genomic RNA were generated to gain
insight into the process of replication and its initiation,
and on how it contributes to the conservation of genome
integrity.
RESULTS AND DISCUSSION
Infectivity on N. clevelandii plants of transcripts de-
ived from the different mutant plasmids was studied
Fig. 1). Systemic infections were obtained with mutants
hat added one A residue (A1), or deleted one (D[1]) or
wo (D[1,2]) A residues at the 59 end. Neither apparent
ymptoms of infection nor virus accumulation in ELISA
ests was detected in plants after inoculation with a
utant replacing the A residue at position 2 of the ge-
ome by G (A2G). The possibility of infectivity failure
esulting from undesired additional mutations during
loning was minimized by testing two different indepen-
ent clones of the A2G mutant, and one of the clones
as also used as starting point for back mutagenesis to
he wild-type sequence. This revertant was infectious,
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378 SIMO´N-BUELA ET AL.indicating that other regions in the genome, apart from
the 59 mutation, were not altered.
As reported previously (Riechmann et al., 1990), tran-
scripts derived from pGPPV give rise to progeny virus in
which the additional 59 G residue was lost, regenerating
a sequence identical to the 59 end of the wild-type virus.
Direct RNA sequencing of progeny virus of all infectious
mutants showed that wild-type sequence was always
regenerated, either by deletion of the extra A or by
regaining of the one or two deleted A residues (Fig. 2).
Progeny from mutants based on pGG5S6N all retained
the AAA mutation that substituted the wild-type AUG at
position 36. In contrast, the progeny of pGPPV retained
the wild-type AUG sequence (Fig. 2). This demonstrated
that progeny were derived from reversions of mutated
inocula, and not caused by contamination.
To investigate the replication of mutants at the single-
cell level, experiments of inoculation of N. clevelandii
protoplasts were performed. The replication defective
mutant pGPPVxT305S, which replaced a highly con-
served position of the motif V of the CI RNA helicase
(Ferna´ndez et al., 1997), was included as negative con-
trol. Figure 3 shows the result of a representative exper-
iment with the plant-infectious mutant D[1,2] and the
noninfectious A2G. Accumulation of viral RNA was de-
tected after 24 h postinoculation (hpi) in samples of
FIG. 1. (A) Schematic representation of the PPV genomic RNA (top)
circle. (B) Relevant structure of the T7 promoter-driven pGPPV clone (the
into the viral products, indicated by their names, flanked by the untrans
are shown the 59 sequences corresponding to the in vitro transcripts o
structure and the additional or mutated positions are shown in white le
infection of N. clevelandii plants are indicated beside each construct, fo
over number of inoculated plants in each individual experiment, totalprotoplasts electroporated with transcripts of wild-type
and the D[1,2] mutant, although the level of RNA accu-mulation was 20 times lower for the mutant compared to
the wild-type, after correction with the total RNA amount
represented by the level of ribosomic RNA (Fig. 3). At the
same time point, about two times less RNA (compared
with the D[1,2] mutant) was detected in the case of
protoplasts inoculated with transcripts derived from the
A2G mutant, indicating that this mutant could be repli-
cating at a very low rate. Remains of input RNA were
present immediately after electroporation in all samples;
however, this cannot account for the RNA observed at 24
hpi in A2G, because at this time point no RNA was
present in the replication-defective mutant (Fig. 3).
After PPV enters into a host cell, translation of the
uncapsidated viral RNA is the first event, and this pro-
cess is not likely to be altered by mutations like those
described here, since the leaky scanning mechanism
proposed for PPV RNA translation initiation was not af-
fected by deletions of up to 12 nt at the 59 end of the
genomic RNA (Simo´n-Buela et al., 1997a). Subsequently,
some translation products (in combination with putative
host factors) constitute the replication complex and use
the genomic RNA as a template to synthesize comple-
mentary negative-strand RNA, which serves as template
for the synthesis of messenger polarity RNA progeny.
This process of RNA synthesis is believed to take place
in membranous structures (Martı´n and Garcı´a, 1991;
g the initial 59 residues linked to the VPg protein, depicted as a gray
represents the promoter, the large box represents the viral ORF divided
gions of the virus depicted as narrow boxes). Below the plasmid map
V and the mutant constructions indicated. The cap analog m7GpppG
over black background. The 59 sequences of the viral progenies after
by tabulated infectivity values (indicated as number of infected plants
and percentages).showin
arrow
lated re
f pGPP
tteringMartı´n et al., 1995; Schaad et al., 1997). Restoration of the
wild-type RNA 59 terminal sequence in the progeny by
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379POTYVIRUS RNA 59-END TEMPLATE-INDEPENDENT REPAIRaddition (D[1] and D[1,2]) or deletion (A1) to the mutants
hould occur during synthesis of viral genomic RNA. The
educed level of RNA accumulation observed for D[1,2]
nd A2G mutants in protoplasts indicates that their rep-
ication levels were affected, but not totally impaired.
nother factor that could influence infectivity is the res-
oration of wild-type genotype. Once a repaired variant
ppears after the first rounds of replication in an inocu-
ated plant, it will rapidly become predominant because
f its better replication. The uniformity of wild-type geno-
ypes observed in the progenies of the infectious mu-
ants after infection of plants suggests that reversion
ccurred rather easily. In the case of the mutant with the
ubstitution A2G, its lack of infectivity on plants might be
xplained as a consequence of both a reduced level of
eplication (as suggested by the results of protoplasts
FIG. 2. Nucleotide sequence of the 59 end of PPV RNA obtained by
dideoxynucleotide chain-termination method using as template PPV
RNA from progeny virions purified from plants infected with GPPV (left)
or D[1] mutant (right) transcripts. The arrow indicates the position of the
AUG codon at position 36 of the wild-type sequence changed to AAA in
the series of mutants studied.xperiment) and a putative greater difficulty to revert
ompared with other mutants.
r
eIt has been reported that 8 nt can be deleted from the
59 end of potato virus X (PVX) genomic RNA (Kim and
Hemenway, 1996) and 78 nt from that of alfalfa mosaic
virus (AlMV) RNA 3 (Van der Vossen et al., 1996) without
bolishing virus RNA replication. Since it is unlikely that
NA replicase interacts with RNA ends without se-
uence specificity, these data seem to suggest that ei-
her these replicases recognize internal domains or
here are redundant recognition signals. The first two
esidues of the PPV RNA appear not to be essential
omponents of the sequence recognized by the PPV
NA replicase, since their deletion is tolerated. However,
he reduced level of replication of D[1,2] mutant in pro-
oplasts suggests that these residues are relevant for the
eplicase activity.
PPV 59 terminal mutants differ from previously de-
cribed AlMV and PVX mutants in that wild-type se-
uence was recovered in the virus progeny. In vivo re-
moval of nonviral residues at both ends of artificial tran-
scripts has been noticed in many instances; however, 59
extensions of in vitro synthesized RNAs seem to be more
detrimental than 39 ones (Boyer and Haenni, 1994). For
instance, two additional G residues in the 59 end of both
cowpea mosaic virus (CPMV) genomic RNAs reduced
infectivity compared with the addition of a single G res-
idue (Eggen et al., 1989); in the case of PPV, infectivity of
pGPPV-derived transcripts (including an additional G
residue) was significantly reduced compared with viral
RNA (Riechmann et al., 1990). In all cases, these extra-
viral 59 sequences seem to be removed during viral
replication in the host (Boyer and Haenni, 1994). Resto-
ration of deleted nucleotides at the 59 end of a genome
RNA is less common and, to our knowledge, it has been
reported for only one other plant virus, potato virus Y
(PVY). Interestingly, an adenosine residue lacking at the
59 end of an in vivo transcriptable infectious cDNA clone
of PVY was spontaneously restored in planta during
infection (Jakab et al., 1997). In addition, there are reports
of restoration in other viruses, for instance, the first two
U residues of the genomic RNA of poliovirus and Cox-
sackievirus B3, but not of a third picornavirus, hepatitis A
FIG. 3. Northern blot analysis of protoplast samples electroporated
with in vitro transcripts of pGPPV and three mutant constructions
indicated above each lane. Samples were collected shortly after elec-
troporation and 24 h later, and processed for RNA extraction and
detection using a PPV-specific 32P-labeled probe. The abundance of
RNA is shown below to illustrate the amount of total RNA loaded on
ach lane of the agarose gel.
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380 SIMO´N-BUELA ET AL.virus, were regained during virus replication of deletion
mutants (Klump et al., 1990; Harmon et al., 1991). Also,
repair of 39-end deletions has been reported for several
plant viruses (Dalmay et al., 1993; Dalmay and Rubino,
995; Carpenter and Simon, 1996a, 1996b; Nagy et al.,
997; Burgya´n and Garcı´a-Arenal, 1998), including a re-
ent report of restoration of the 39 end of a potyvirus RNA
rom infectious cDNA clones lacking the polyA tail (Ta-
ahashi and Uyeda, 1999).
It is important to note that regaining the one or two A
esidues deleted in the D[1] and D[1,2] mutants might be
elated to events that take place during either initiation of
lus-strand synthesis or termination of minus-strand
longation. Thus, in principle, the models that have been
ostulated to explain repair of 39 ends could also be
pplied to the restoration of the PPV 59 end. The model
f Burgya´n and Garcı´a-Arenal (1998) proposes that the
irus RNA replicase adds nontemplated nucleotides to
he RNA 39 terminus, generating a random distribution of
9-end sequence variants from which the wild-type and
ther sequences are selected according to replication
fficiency. Support for such mechanisms was provided
y the finding that minus-strand molecules with addi-
ional nontemplated nucleotides at their 39 end served to
nitiate synthesis in vitro of genomic brome mosaic virus
NA (Sivakumaran and Kao, 1999). It is difficult to explain
ith this model the uniformity of the 59 ends that we have
bserved in the progeny of D[1] and D[1,2] mutants. This
bjection could be circumvented if we assume that a
ridilyl transferase activity (that could be provided by the
iral RNA replicase itself) elongates the shortened oligo
tract of the minus-strand 39 end, and that during the
ynthesis of the plus strand, the RNA replicase is di-
ected to the correct initiation site by structural features
f the putative recognition signals. However, according
o this model a C (corresponding to the G present at the
9 end of all in vitro transcripts) would be interrupting the
ligo U tail and it is difficult to explain how this residue
s removed.
A common feature of viral genomes with 59 terminal
Pg proteins is the presence of sequence reiterations at
he genome ends. Bacteriophage F29 and other dsDNA
iruses containing VPgs initiate replication using a posi-
ion downstream of the 39 end of the linear template,
ollowed by retrograde movement before elongation
Me´ndez et al., 1992; Caldentey et al., 1993; King and van
er Vliet, 1994; Martı´n et al., 1996). This mechanism is
roposed to have evolved to increase the fidelity of the
nitiation step of genome replication and to maintain
enome integrity. Similarities between VPg-containing
NA and RNA genomes, including the strict primer de-
endence of the polymerases involved in their replica-
ion, suggests that VPg-containing RNA viruses might
lso initiate plus-strand RNA synthesis by a similar
echanism. Indeed, a prime-and-realign model has
een proposed for the initiation of RNA synthesis ofantaan virus (Garcin et al., 1995). However, this would
ot account for the recovery of wild-type sequence (start-
ng with U2A4) in the progeny of mutants of poliovirus and
Coxsackievirus B3 lacking the two initial U residues
(Klump et al., 1990; Harmon et al., 1991).
The repair of 59-end deletions could be explained
assuming that synthesis of plus-strand genomic RNA is
initiated by primers that have the wild-type sequence.
Nagy et al. (1997) have proposed a 39-end repair mech-
nism in which small oligonucleotides synthesized by
he RNA replicase with a helper viral genome as tem-
late serve as primers for the initiation of RNA synthesis,
iving rise to the restoration of the wild-type sequence.
his model cannot be applied to the PPV mutant infection
ecause, as a result of the use of in vitro transcripts as
nocula, there is a unique genomic RNA. However, the
PV VPg might act as a primer for RNA synthesis, playing
role similar to the one demonstrated for poliovirus VPg
Paul et al., 1998). The first step would be the ligation of
ucleotides to the protein VPg independently of tem-
late. This molecule could then act as primer for poste-
ior elongation. This model could explain how the first
wo positions of the genome of poliovirus and Coxsack-
evirus B3 are repaired (Klump et al., 1990; Harmon et al.,
1991). VPg proteins of potyviruses play different roles
during the infection cycle. One important activity might
be participation in the recruitment of components
needed for formation and functioning of the replicative
complex, through protein-protein or protein-nucleic acid
interactions (Daros and Carrington, 1997; Li et al., 1997;
Fellers et al., 1998). It has been recently proposed that
VPg might act during initiation of assembly, since this
process begins near the 59 terminus of genomic RNA
(Wu and Shaw, 1998). VPgs also interact with a eukary-
otic translation initiation factor (Wittmann et al., 1997),
which may point to a role in translation, although the
participation of translation factors in viral RNA replication
is known. Thus, the activities of the potyviral VPg are in
agreement with its proposed role as primer for RNA
synthesis (Buck, 1996; Lai, 1998). Moreover, the lower
level of replication observed for the A2G mutant could be
the result of the presence of the mutation, which might
disturb the alignment of the putative VPg-An primer more
than terminal modifications.
In summary, our results demonstrate that alterations in
the 59 terminal sequence of a potyvirus such as addition
of one A residue or deletion of one or two initial A
residues are tolerated, and that unknown template-inde-
pendent mechanisms restore the wild-type sequence;
our data can be explained by a VPg-nucleotide primer-
based mechanism, although other mechanisms (acting
during either termination of minus-strand RNA elonga-
tion or initiation of plus-strand RNA synthesis) cannot be
totally excluded. Further experimentation will be required
to elucidate the actual mechanism operating, especially
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381POTYVIRUS RNA 59-END TEMPLATE-INDEPENDENT REPAIRthe developing of template-dependent in vitro replication
ystems.
MATERIALS AND METHODS
lasmid constructs
Mutants were constructed in a full-length cDNA clone
f PPV (pGPPV) placed under control of a T7 promoter
Riechmann et al., 1990). Site-directed mutagenesis was
erformed as described earlier (Simo´n-Buela et al.,
997b) on pGG5S6N, a subclone which includes the first
632 nucleotides of PPV, with the replacement of a non-
unctional AUG codon by AAA in position 36 and the
ncorporation of a NcoI restriction site at the functional
UG codon in position 146 (Simo´n-Buela et al., 1997a).
onstructs containing the desired mutations were iden-
ified by nucleotide sequence analysis and were substi-
uted into pGPPV. Because T7 RNA polymerase has a
equirement to initiate RNA synthesis with a guanosine,
ll the constructs contained an extra G preceding the
PV sequence (Fig. 1).
noculation of plants with in vitro transcripts
Inoculation of Nicotiana clevelandii plants was per-
ormed mechanically with in vitro generated capped RNA
ranscripts obtained from linearized plasmid templates,
sing the Cap-Scribe kit (Boehringer Mannheim), accord-
ng to the manufacturer’s instructions. Three Carborun-
um-dusted leaves were rubbed with the product of the
ranscription reaction diluted with 5 mM phosphate
uffer (pH 7.4; 1:1, v:v). RNA sequencing (see below) was
sed to confirm the presence of mutations in the in vitro
enerated transcripts used for plant inoculation. Anti-
PV specific polyclonal antibodies were used for indirect
LISA analysis of plants.
etection and analysis of progeny viral RNA
Infected leaf material was collected from transcript-
noculated plants for virion purification, RNA extraction,
nd direct sequencing of the 59 termini as described
Riechmann et al., 1990). To facilitate determination of
ucleotide residues close to the 59 linkage to the VPg, a
erminal transferase treatment was performed after elon-
ation in the sequencing reaction.
nalysis of replication in protoplasts
Protoplasts were isolated from N. clevelandii leaves
and electroporated with in vitro transcripts, as described
previously (Ferna´ndez et al., 1997). Transcripts were ob-
tained from D[1,2] and A2G mutants, and compared with
those derived from the wild-type pGPPV or the replica-
tion-defective pGPPVxT305S mutant (Ferna´ndez et al.,
1997) used as positive and negative controls, respec-
tively. For Northern blot analysis, protoplasts from equal
volumes of culture were collected by centrifugation andfrozen in liquid nitrogen and stored at 280°C. Total RNA
was isolated after resuspending in extraction buffer (100
mM Tris–HCl [pH 9.0], 300 mM NaCl, 20 mM EDTA, 2%
SDS, 0.25 mg/ml proteinase K, 0.2 mg/ml heparin) and
incubation at 37°C for 30 min. A phenol/chloroform ex-
traction was performed and the RNA was precipitated
with 1 vol of 4 M LiCl. The pellet was resuspended in
water and precipitated in the presence of 1/10 vol 3 M
sodium acetate and 2.5 vol ethanol. After electrophoresis
and transfer to a Zeta-probe membrane (Bio-Rad), hybrid-
ization was performed with a PPV NIb-specific 32P-la-
beled riboprobe, obtained with the use of a MAXIscript
kit (Ambion). Buffer for hybridization was ULTRAhyb (Am-
bion). Detection and quantification were achieved with
the use of the Molecular Imager FX system and Quantity
One software (Bio-Rad).
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